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In this paper, we propose a new mechanism with warped extra dimension to solve the hierarchy
problem, which is parallel to the Randall-Sundrum (RS) brane scenario. Different from the RS
scenario, the fundamental scale is TeV scale and the four-dimensional Planck scale is generated from
the exponential warped extra dimension at size of a few TeV−1. The experimental consequences
of this scenario are very different from that of the RS scenario. In the explicit realization in the
nonlocal gravity theory, there is a tower of spin-2 excitations with mass gap 10−4eV and they
are coupled with the gravitational scale to the standard model particles. We further discuss the
possible generalizations in other modified gravity theories. The experimental consequences are
similar to (4 + N)-dimensional large extra dimension but N can be a non-integer, which satisfies
the experimental constraints more easily than the integer large extra dimension model.
PACS numbers: 04.50.-h, 04.50.Kd, 11.27.+d
I. INTRODUCTION
It is known that the gauge hierarchy problem, the large
difference between the electroweak scale MEW ∼ 1TeV
and the Planck scale MPl ∼ 1016TeV, is a longstanding
problem in particle physics. The idea of extra dimen-
sions opens a new way to solve this problem. One of the
famous models is the Arkani-Hamed-Dimopoulos-Dvali
(ADD) model [1, 2], also called the model of large extra
dimensions.
In this model, the fundamental scale is M∗ ∼ 1TeV.
The standard model particles are assumed to be confined
on the brane and the extra dimensions are flat, so the
electroweak scale is the same as the fundamental scale:
MEW ∼M∗. The hierarchy between the effective Planck
scale MPl and the fundamental scale M∗ is generated by
the large volume of the extra dimensions [1]:
M2Pl ∼MN+2∗ RN , (1)
where R and N are the size and number of the extra
dimensions, respectively.
However, the gauge hierarchy between the Planck and
electroweak scales has not been solved ultimately because
it has been transferred into a remained hierarchy between
the fundamental lengthM−1∗ ∼ 2×10−16mm and the size
of the extra dimensions R ∼ 1032/NM−1∗ (about 2mm
for the case of two extra dimensions). Furthermore, the
brane tension is neglected in this model.
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A good inspiration to solve the remained hierarchy
problem in the ADD model comes from the Randall-
Sundrum 1 (RS1) model [3] in five dimensions with the
warped geometry given by
ds2 = e−2k|y|ηµνdx
µdxν + dy2. (2)
Here k is the AdS curvature scale, y ∈ [−yb, yb] is the
physical coordinates of the fifth dimension.
The fundamental scale is M∗ ∼ k ∼ 1016TeV = MPl
in the RS1 model. Because the massless graviton is lo-
calized near y = 0 as illustrated in figure 1(a) and it has
not been diluted exponentially by the size of the extra
dimension, the effective Planck scale is the same as the
fundamental scale. On the other hand, in background (2)
the mass parameters of fields confined at y = y0 has a
redshift e−ky0 , so the standard model particles should be
confined at y = yb with yb ∼ 37k−1 ∼ 37M−1∗ to recover
the electroweak scale. The gauge hierarchy problem is
solved by a small physical length of the fifth dimension
yb ∼ 37M−1∗ , for which there is no remained hierarchy
problem.
After the success of the RS1 model, many researchers
constructed the extended RS1 models in modified gravi-
ties. The main idea of these extended models is the same
as the RS1 model’s, i.e., the massless graviton is localized
near y = 0 and the standard model particles are confined
at y = yb. In this paper we will show that another
mechanism can also be used to solve the gauge hierarchy
problem. In this new mechanism, the massless graviton
is localized near y = yb and the standard model particles
are confined at y = 0 as illustrated in figure 1(b). This
will lead to new extra dimension at a few TeV−1 and
new phenomena. We first make an explicit realization
of this mechanism in nonlocal gravity. Then, we real-
ize this mechanism in a more general class of modified
2gravity theories.
Higgs
massless graviton
e-ky
y = 0 y = yb
(a) RS1 mechanism
y = 0 y = yb
Higgs
massless graviton
e-ky
(b) New mechanism
FIG. 1: The pictures of the RS1 and the new mechanism.
II. THE MODEL
Different from the usual way to modify Einstein gravity
by local generalization, Deser and Woodard developed a
modified gravity theory by adding a nonlocal term [4, 5].
This nonlocal gravity theory was proposed to explain the
cosmic acceleration without the cosmological constant
[6–10]. It was found that this theory possesses the same
gravitational degrees of freedom and initial value con-
straints as general relativity, and has no ghost graviton
mode [11]. We start with the following action of the
nonlocal gravity theory proposed in Ref. [4] in (d + 1)-
dimensional spacetime:
S =
Md−1∗
2
∫
dd+1x
√−gR
(
1 + f(−1R)
)
+ Sb, (3)
whereM∗ is the fundamental (d+1)-dimensional Planck
mass, R is the curvature scalar, −1 is the inverse of the
d’Alembertian operator, and Sb is the action describing
the brane configuration. Note that in order to define this
theory, we should specify what definition of −1 we use.
A convenient way to solve the nonlocal theory is changing
to the local form by adding two auxiliary fields η and ξ
[9, 10, 12]:
S =
Md−1∗
2
∫
dd+1x
√−g (ψR+ ξη) + Sb, (4)
where we have defined ψ ≡ 1 + f(η) − ξ. To ensure the
stability, we should require ψ > 0. By varying the action
(4) with respect to ξ and η respectively, one gets
η = R, ξ = −Rfη, (5)
where fη ≡ dfdη . Now the choice of the definition of −1
becomes the choice of the solution of η = R. Once we
have chosen a specific solution of η, the original nonlocal
theory is defined. It means that different solutions of
η correspond to different nonlocal theories, rather than
different solutions of one nonlocal theory.
The modified Einstein equations are given by
ψRAB − 1
2
(
ψR− ∂Cξ∂Cη
)
gAB
+ (gAB−∇A∇B)
(
ψ − 1)− 1
2
(
∂Aξ∂Bη + ∂Aη∂Bξ
)
= M1−d∗ T
(b)
AB, (6)
where A,B,C · · · denote the bulk indices 0, 1, 2, · · · , d,
and T
(b)
AB represents the energy-momentum tensor of the
brane.
The metric for the flat brane world model is [3]
ds2 = a2(y)ηµνdx
µdxν + dy2, (7)
where the brane coordinate indices µ, ν = 0, 1, · · · , d −
1. We consider an S1/Z2 orbifold extra dimension as in
Ref. [3], so the physical extra dimensional coordinate y ∈
[−yb, yb]. The action describing one brane with tension
σ− located at y = 0 and another brane with tension σ+
located at y = yb is given by
Sb = −
∫
ddx
[√
−q(y = 0) σ− +
√
−q(y = yb) σ+
]
, (8)
where qµν(y = 0, yb) are the induced metrics at y = 0, yb.
Then the µν and dd components of the modified Ein-
stein equations (6) and the equations (5) for η and ξ are
given by
ψ′′+(d−1)Hψ′+[(d−1)H ′+1
2
d(d−1)H2]ψ
+
1
2
ξ′η′ +M1−d∗
[
σ−δ(y) + σ+δ(y − yb)
]
= 0, (9)
1
2
ξ′η′ − dHψ′ − 1
2
d(d− 1)H2ψ = 0, (10)
and
η′′ + dHη′ = −2dH ′ − d(d+ 1)H2, (11)
ξ′′ + dHξ′ =
[
2dH ′ + d(d+ 1)H2
]
fη, (12)
respectively, where H ≡ a′/a and the prime denotes the
derivative with respect to the coordinate y. Subtracting
(10) from (9) we get
ψ′′ + (2d− 1)Hψ′ + [(d− 1)H ′ + d(d− 1)H2]ψ
= −M1−d∗
[
σ−δ(y) + σ+δ(y − yb)
]
, (13)
which can be rewritten as(
∂y + dH
)(
∂y + (d− 1)H
)
ψ
= −M1−d∗
[
σ−δ(y) + σ+δ(y − yb)
]
. (14)
We consider the warp extra dimension with a(y) = e−k|y|.
Then ψ can be obtained as
ψ = c1e
dk|y| + c2e
(d−1)k|y|. (15)
3The condition ψ > 0 becomes c2 > −c1ek|y|. After inte-
grating Eq. (14) at y = 0 and y = yb respectively, we can
obtain the relations
c1 = −σ−/(2kMd−1∗ ), σ+ = −σ−edkyb . (16)
We assume that the brane located at y = 0 has negative
tension, i.e., σ− < 0. Then the brane located at y = yb
is a positive tension brane. The relation between the σ+
and σ− is different from the case in the RS1 model, where
σ+ = −σ−.
The solutions of the auxiliary fields η and ξ are com-
plicated. We will use Eq. (11) for η as an example. We
denote the region y ∈ [nyb, (n+ 1)yb] as the n-th section
in the region y ∈ [0,+∞) and denote the solution of the
field η(y) in this section as ηn(y). Then the solution of
Eq. (11) is given by
ηn(y) = (−1)n(d+ 1)ky + λne(−1)
ndk(y−nyb) + ρn, (17)
where the coefficients λn are determined by the recur-
sion relation λ1 = 2(d− 1)/d − edkybλ0, λn+2 =
(
1 −
e−(−1)
ndkyb
)
2(d− 1)/d + λn. The coefficients ρn can be
determined by the continuity condition of η(y). The ex-
act solutions of the auxiliary fields η and ξ are unnec-
essary since they do not influence the spectrum of the
massive KK gravitons and the couplings of these gravi-
tons to matter.
III. PHYSICAL IMPLICATIONS
Since the metric (7) has the d-dimensional Poincare
symmetry, we can consider the transverse and traceless
(TT) part of the perturbation separately, which corre-
sponds to the spin-2 graviton in d dimensions. The tensor
perturbation is parameterized as
ds2 = a2(ηµν + hµν)dx
µdxν + dy2, (18)
where the perturbation hµν(x, y) satisfies the TT condi-
tions
∂µhµν = 0 = η
µνhµν . (19)
The µν component of the linearized perturbation equa-
tions reads
a2h′′µν +
(
daa′ + a2
ψ′
ψ
)
h′µν +
(d)hµν = 0, (20)
where (d) denotes the d-dimensional d’Alembertian op-
erator. After changing to the conformal coordinate z
with adz = dy and defining A ≡ ad−1ψ, the linearized
equation (20) becomes
∂z∂zhµν +
∂zA
A
∂zhµν +
(d)hµν = 0. (21)
We decompose the tensor perturbation hµν as
hµν(x, z) = εµν(x)A
− 1
2 (z)Ψ(z), (22)
where the four-dimensional part of the graviton KKmode
εµν(x) satisfies the d-dimensional Klein-Gordon equa-
tion
(d)εµν(x) = m
2εµν(x). (23)
Then we obtain a Schro¨dinger-like equation for the fifth
dimensional part:
−∂z∂zΨ+
(
1
2
∂z∂zA
A
− 1
4
(∂zA)
2
A2
)
Ψ = m2Ψ. (24)
It can be rewritten as the form of the supersymmetric
quantum mechanics
K†KΨ = m2Ψ, (25)
where K† = ∂z+ 12 ∂zAA andK = −∂z+ 12 ∂zAA . This implies
that the eigenvalues m2 are nonnegative and the brane
system is stable under the tensor perturbation.
From now on we focus on the case of d = 4. Setting
m2 = 0 in Eq. (24), we can obtain the zero mode
Ψ0(z) ∝ A 12 =
(
σ+
2kM3∗
(1 + k|z|) + c2
) 1
2
∼ e 12ky , (26)
which is localized near y = yb, as expected. So in order
to achieve a weak four-dimensional effective gravity, we
should put our universe on the brane at origin, where
the massless graviton is diluted exponentially into extra
dimension. The Planck mass is warped up:
M2Pl =M
3
∗
∫
dzA =M3∗ zb
[
σ+
2kM3∗
(2 + kzb) + 2c2
]
.(27)
On the other hand, as in the RS1 model the mass pa-
rameter of a field confined at y = y0 has a redshift e
−ky0
[3]. So the simplest way to solve the gauge hierarchy
problem is to choose the fundamental scale as 1TeV and
confine the standard model particles at y = 0. Thus, the
electroweak scale remains the fundamental scaleMEW ∼
1TeV. In detail, we set M∗ ∼ k ∼ 1TeV, σ+ ∼ (1TeV)4
and the dimensionless parameter c2 ∼ 1. Then the effec-
tive four-dimensional Planck mass MPl ∼ 1016TeV leads
to the condition kzb ∼ 1016, which means we need only
a small physical length kyb ∼ 37 (or yb ∼ 37TeV−1) to
solve the gauge hierarchy problem. This is a new extra
dimension at a few TeV−1, comparing to a few M−1Pl in
the RS1 model.
In the following discussion, we check whether this
model can give a reasonable phenomenon by analyzing
the spectrum of the massive KK modes and their cou-
plings to the matter confined at y = 0. With the Neu-
mann boundary condition: ∂zhµν |z=0 = 0, we can obtain
the solutions for the Schro¨dinger-like equation (24):
Ψn(z) =
1
Nn
(
z +
1
β
) 1
2
[
J0
(
mn(z +
1
β
)
)
+αY0
(
mn(z +
1
β
)
)]
, (28)
4where 1β ≡ 1k−
2M3
∗
c2
σ−
, α = − J1(mn/β)Y1(mn/β) , and Nn is the nor-
malization constant. The spectrum mn of the graviton
KK modes can be obtained by the Neumann boundary
condition at zb: ∂zhµν |z=zb = 0, which reads as
J1 (mn(zb + 1/β))
J1(mn/β)
=
Y1 (mn(zb + 1/β))
Y1(mn/β)
. (29)
Since kzb ∼ 1016 and c2 ∼ 1, the first few KK modes
satisfy the condition mn/β ≪ 1 and α ≈ pi8 (mnβ )2 → 0.
Then the solution (28) becomes
Ψn(z) ≈ 1
Nn
(
z +
1
β
) 1
2
J0
(
mn(z +
1
β
)
)
, (30)
and the spectrum reads mn ≈ xnzb , where xn satisfies
J1(xn) = 0, and x1 = 3.83, x2 = 7.02, · · · . The normal-
ization constant Nn can be determined as follows:
1 =
∫ zb
−zb
Ψ2ndz ≈
1
N2n
z2b [J0(mnzb)]
2. (31)
Using the approximation J0(x) ≈
√
2
pix cos(x − 14pi) and
the approximate formula of the zero point of J1(xn), xn ≈
(n+ 14 )pi, we have Nn ≈
√
2z2
b
pixn
. Then the normalized KK
modes are
Ψn(z) ≈
√
pixn
2z2b
(
z +
1
β
) 1
2
J0
(
mn(z +
1
β
)
)
. (32)
The interaction between these KK modes and the matter
confined on the positive tension brane is
L
(n)
int =M
− 3
2
∗ T˜
µν(x)h(n)µν (x, 0) = ξ˜
(n)T˜ µν(x)ε(n)µν (x), (33)
where T˜µν is the symmetric conserved Minkowski space
energy-momentum tensor. Then the couplings are
ξ˜(n) ∼M−
3
2
∗
√
xn
βz2b
∼
√
n
1016TeV
∼ √n M−1Pl . (34)
The above result shows that the couplings of the first
few KK modes to the matter have the similar strength
to the coupling of the massless graviton to the matter.
The mass spectrum of the KK modes is
mn ∼ n
zb
∼ n 10−4eV (35)
To estimate experimental effects, we first consider the
process that involves emission of gravitons, which could
be observed as missing energy [1, 2, 13]. The total cross
section for this process with the center of mass energy
ECM is of order
σ ∼
∑
n
(
ξ˜(n)
)2
∼ n
2
M2Pl
∼ (ECM/10
−4eV)2
M2Pl
∼ E
4
CM
(1TeV)4
1
E2CM
, (36)
which would have a significant increase when the energy
approach 1TeV. On the other hand, the massive KK
modes with the mass gap 10−4eV would contribute an
obvious deviation to Newtonian potential when distance
less than the critical distance Rc ∼ 2mm. These results
are the same as the six-dimensional ADD model’s.
To understand the coincidence, we first note that in
our five-dimensional warped model the conformal size of
the fifth dimension satisfies
M2Pl ∼M3∗kz2b ∼M4∗ z2b (37)
and in the six-dimensional ADD model the physical size
R satisfies
M2Pl ∼M4∗R2, (38)
which leads to zb ∼ R.
m R
»
R~zb
1
Mpl
1
Mpl
m zb
Mpl
m zb
Mpl
FIG. 2: The connection between propagators of KK gravitons
in the six-dimensional ADD model (left) and the new five-
dimensional warped model (right).
Further, in the six-dimensional ADD model, the de-
generacy of KK modes with same mass m is about mR
and they have the same couplings of M−1Pl to matter. In
our five-dimensional warped model, there is only one KK
mode with mass m due to only one extra dimension and
the coupling to matter is (mzb)
1
2M−1Pl . These two models
have the same contribution to a process since
mR(M−1Pl )
2 ∼
(
(mzb)
1
2M−1Pl
)2
. (39)
As illustrated in figure 2, the total contribution of all
the propagators of the KK modes in the six-dimensional
ADD model is the same as that of the only propaga-
tor in our five-dimensional model. So we can use the
six-dimensional ADD model as a bridge to understand
some phenomena in this new mechanism. However, phe-
nomena involve the interactions among the graviton KK
modes or related to scalar and vector modes may be dif-
ferent.
IV. GENERAL REALIZATION OF THE NEW
MECHANISM IN MODIFIED GRAVITY
The fundamental scale is also assumed as M∗ ∼ 1TeV
and the standard model particles are confined on the
5brane at y = 0. A possible class of actions in five di-
mensions is
S =
M3∗
2
∫
d5x
√−g
[
ψR+ L(gAB, ψ,Φi)
]
+ Sb, (40)
where only the field ψ nonminimally couples to the cur-
vature scalar, and Φi in the Lagrange density L denote
other dynamic and/or nondynamic fields [18]. Assume
that the system supports a family of solutions:
a(y) = e−k|y|, ψ(y)∝e(N+2)k|y|, (41)
where k ∼M∗ and now N is just a dimensionless param-
eter determined by the dynamic of the theory.
Since only the field φ nonminimally couples to curva-
ture scalar, the graviton zero mode can be calculated as
Ψ0∝a3/2ψ1/2∝e 12 (N−1)k|y| = (1 + k|z|)(N−1)/2 (42)
which will be diluted exponentially by the physical size
of the extra dimension when N > 1. So in this case, the
effective four-dimensional Planck mass will be warped up
and be determined by
M2Pl ∼M3∗ (kzb)N−1zb ∼MN+2∗ zNb . (43)
This is exactly the same as in the (4 + N)-dimensional
ADD model, in which M2Pl ∼ MN+2∗ RN , if zb ∼ R. It
means that we can set the conformal size zb ∼ R to solve
the gauge hierarchy problem, while at the same time to
keep a small physical length yb ∼ 74NM−1∗ to avoid the
remained hierarchy problem in the ADD model.
With the similar procedures as in previous section, we
can solve the graviton KK modes
Ψn(z) ≈ 1
Nn
(
z +
1
k
) 1
2
JN
2
−1
(
mn(z +
1
k
)
)
. (44)
The spectrum is given by mn ≈ xnzb , where xn are deter-
mined by JN
2
(xn) = 0. This means that the new mech-
anism shares the same mass spacing as the ADD model.
The normalization constants are Nn ∼ zb/√xn and then
Ψn(0) ∼ x
N−1
2
n k
1−N
2 z
−N
2
b . (45)
So the couplings of these KK modes to the matter con-
fined at y = 0 are given by
ξ˜(n) ∼M− 32∗ Ψn(0) ∼M−1Pl n
N−1
2 . (46)
In the (4 + N)-dimensional ADD model, the degen-
eracy of the graviton KK modes with mass m is about
(mR)N−1 and each mode has a coupling M−1Pl to matter.
In the new mechanism, there is only one graviton KK
mode with mass m and its coupling to matter is about
M−1Pl (mzb)
N−1
2 . Similar to the previous discussion, these
two models have the same contribution to a process since
(mR)N−1(M−1Pl )
2 = (M−1Pl (mzb)
N−1
2 )2. (47)
So we can use the (4 +N)-dimensional ADD model as a
bridge to understand some phenomena of this new mech-
anism. For example, the correction to the Newtonian
potential r−1 is of the form r−(1+N).
Interestingly, the relation between the new mechanism
and the (4+N)-dimensional ADD model tells us that the
effects of multi flat extra dimensions may originate from
the warped geometry with only one extra dimension. In-
tuitively speaking, the massless graviton in warped ge-
ometry can be diluted as sparse as in multi flat extra
dimensions. One should note that in the new mecha-
nism N is a dynamically determined parameter and in
the ADD model it is the number of extra dimensions.
Because N is dynamical in the new mechanism, different
stages of the universe may have phenomena of different
N .
The new mechanism also provides a new way to escape
the experimental constrains. Since the fundamental scale
M∗ ∼ k ∼ 1TeV, the critical distance of breaking the
Newtonian inverse square law is given by
Rc ∼ 2× 10 32N −16mm. (48)
Thus, to satisfy the experimental constrain Rc .
0.1mm [15–17], we need
N & 2.18. (49)
Since in the ADD model, N must be an integer and the
least possible choice is N = 3. However, N = 3 leads to
a deviation of Newtonian inverse square law starts from
Rc ∼ 10−5mm, which can’t be observed easily. Since N
is a dynamically determined parameter in our new mech-
anism, non-integer N is allowed. So our new mechanism
can satisfy the experimental constraints more easily and
give interesting observable effects. Since the correction
to the Newtonian potential r−1 is of the form r−3.18 in
the new mechanism and r−3 in the six-dimensional ADD
model, these two models can be distinguished in experi-
ments.
V. CONCLUSION AND DISCUSSION
In order to avoid the remained hierarchy in the ADD
model, there are two kinds of mechanisms by using the
warped geometry.
One is the RS1 model and its generalization. In this
kind of model, the massless graviton is localized near
y = 0 and will not be diluted exponentially by the size
of the extra dimension, so the effective four-dimensional
Planck scale is remain the same as the fundamental five-
dimensional Planck scale. Thus, the standard model par-
ticles should be confined at y = yb to redshift the elec-
troweak scale to solve the gauge hierarchy problem.
Another one is the new mechanism proposed in this
paper. In this mechanism, the massless graviton is lo-
calized near y = yb and is diluted exponentially, so the
effective Planck scale grow exponentially with the size of
6the extra dimension. Thus, we can confine the standard
model particles at y = 0 to make the electroweak scale
remain the fundamental scale. It is a mechanism with
the size of the extra dimension a few TeV−1, different
from the M−1Pl in the RS1 model.
In the explicit realization in the nonlocal gravity the-
ory, the tower of spin-2 excitations has mass gap 10−4eV
and these KK gravitons are coupled with the gravita-
tional scale to the standard model particles, while in the
RS model, both the mass gap and the coupling are TeV
scale. We further discussed the possible generalizations
in other modified gravity theories. We found that the new
mechanism would lead to reasonable phenomena similar
to the (4+N)-dimensional ADD model. This implies that
the phenomena of flat extra dimensions could be emerged
from warped geometry with only one extra dimension.
Besides, it provides a new way to build braneworld model
that satisfies the experimental constraints since N can be
a non-integer.
This new mechanism with warped extra dimension was
constructed in nonlocal gravity and a general class of
scalar tensor gravities. Since a large class of modified
gravities has an extra scalar degree of freedom, we believe
that this kind of construction widely exists in modified
gravities.
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